Abstract-A microelectromechanical system (MEMS) entirely made of crystalline oxides is presented. A suspended SrTiO 3 (001) microcantilever is employed as flexible substrate for the deposition of epitaxial transition-metal oxide films. A straingenerator device for epitaxial oxide films can be fabricated. Strain at surface can be performed by bending downward the microcantilever. The mechanical properties of these oxide MEMS are modeled by finite element methods and are in accordance with preliminary mechanical characterizations performed with Atomic Force Microscopy. Evaluation of the applied strain and its distribution along the microcantilever is also given.
INTRODUCTION
Microelectromechanical systems (MEMS) are widely employed as sensors and actuators in automotive industry, medical, consumer, industrial, aerospace and recently also in basic research. The manufacture technology consists of many processes belonging to the expertise of the integrated circuit industry; MEMS technology is thus based on silicon and silicon-compatible materials like SiO 2 , SiC, Diamond, AlN, Si 3 N 4 , Al 2 O 3 and simple metals thin films, which often are not crystalline.
Transition metal oxide (TMO) materials have an enormous interest in condensed matter physics and are believed to become important blocks for future silicon-based devices or even all-oxide sensors. TMOs, especially perovskite type compounds, have a broad range of physical properties like superconductivity (ie. Many of these materials show metal-insulator transitions (MIT). The physical properties and MIT of TMO can be tuned by chemical doping or, in a reversible way, by electric charge induction or applied external mechanical stress [1] [2] [3] [4] [5] . Furthermore, many transition metal oxides can be grown epitaxially in order to obtain heterostructures where each layer exhibits specific physical properties. The physical properties of TMO films are optimized, or even appear, only when the materials are grown in crystalline form.
MEMS devices are generally composed of a free-standing element. Concerning oxides, free standing membranes made of functional oxides for applications as bolometers or actuators have been reported [6] [7] [8] [9] ; in these cases, oxide materials were grown on silicon substrates usually with the use of proper buffer layers. Recently, we showed a MEMS fabricated starting from a heterostructure entirely made of epitaxial oxides [10, 11] . Our research is focused on developing smart MEMS exploiting the unique properties of TMO. In this work, we will focus on the fabrication and modeling of a microcantilever made of a crystalline SrTiO 3 Torr oxygen pressure using a laser fluency of 3 J/cm 2 with 3 Hz repetition rate. The first layer (LSMO sacrificial layer) is important to separate the substrate from supporting layer so to obtain a free-standing structure. The thickness of the sacrificial layer determines the depth of the air gap. The cantilever is made of the second layer (STO supporting layer) whose thickness sets the cantilever thickness. When fabricating thick cantilevers, a third thin (20 nm) layer of LSMO (LSMO protective layer) has been used as mask for wet etching because we found that photoresist alone is not able to sustain prolonged immersion in acids. The protective layer is patterned into the desired cantilever geometry by optical lithography. Etching of the protective layer is performed without damaging the supporting layer by HCl vapors coming from a fuming HCl 37% water solution. The LSMO mask is then used to pattern the STO supporting layer by HF 10% water solution. Thus, we transfer the pattern from the protective layer to the STO supporting layer and obtain the desired geometry (see figure 1 left image). This fabrication process is possible due to the different response of STO and LSMO to acidic baths: in fact LSMO is etched by HCl but not by HF, while the opposite occurs for STO. When all the STO is removed, the etching stops at the LSMO sacrificial layer, as can be observed from the surface which becomes progressively smooth. (see center image of figure 1). HCl 37% water solution is then used to remove the LSMO sacrificial layer without damaging the supporting layer. During this step also the protective layer is removed. LSMO removal starts from the regions uncovered from the STO film and gradually proceeds beneath the STO pattern (see figure 1 right image) . Thus, freestanding STO structures can be fabricated by proper timing of the bath [11] . Two examples of microcantilevers are shown in figure 2 . The crystalline nature of the STO suspended element is guaranteed by the epitaxial nature of the LSMO sacrificial layer. A critical step is the drying process. Stiction occurring in air drying damages the free-standing structures: the surface tension of air-liquid interface meniscus deforms the cantilevers and the suspended parts; this problem is avoided using critical point drying machine.
The small value of the surface roughness of our MEMS (0.3 nm rms) structures opens the possibility of using these oxide structures as proper templates for the deposition of other TMO films and heterostructures or even atomic-layered superlattices. Subsequent to bridge fabrication, high-temperature deposition of the functional TMO layer, in our case a LSMO film deposited by PLD, can be performed over the whole sample. The functional LSMO layer is grown at 850°C, 5x10 -2 torr of oxygen atmosphere and a laser fluency of 3 J/cm 2 with a repetition rate of 2 Hz. Thanks to the overetching of the sacrificial layer, regions of the functional film deposited on the bridge are electrically isolated from the regions grown on the substrate. The fabricated geometries are designed in order to perform four-wire electrical measurements of the resistance of the microbridge region during its bending. Strain on the cantilever arms is achieved by downward bending of the bridge. Bending is performed, both mechanically, using a stiff AFM tip, and electrically, by an external voltage bias which produces an electrostatic attraction between the suspended microcantilever and the substrate [11] .
In order to evaluate the mechanical strain applied to the epitaxial functional LSMO thin film, a 3D finite element model by COMSOL multiphysics software [12] is developed.
III. RESULTS
Our cantilevers have elastic constant in the range of 10-15 N/m. This value is obtained by AFM force-distance curves performed at the edge of cantilever beam [11] . Microcantilevers with different shapes and mechanical properties can be easily fabricated by tuning the thicknesses of the sacrificial and supporting layer and the geometry of the lithographic masks. Typical geometric values are: 450 nm air gap thickness, 500 nm cantilever thickness. Functional layer thickness is always set in-between 15 and 30 nm. Electrical measurements performed on a rectangular cantilever during its bending by an AFM tip and by voltage gate bias show an overall 1% decrease of the electrical conductivity of the deposited LSMO film [11] .
Finite elements calculations of strain distribution on the upper surface of a bent rectangular STO microbridge are shown in figure 3 . This microbridge is 500 nm thick, 10 micrometers long, 15 micrometers wide and is downward bent by 350 nm. A Young modulus of 100 GPa and Poisson ratio of 0.34 are used to model the STO supporting layer. Finite element analysis highlights a unidirectional behavior with strain mainly along arms orientation for the rectangular geometry (see figure 3) , whereas the two in-plane strain direction are mixed in the triangular geometry. The relative variation of the cantilever resistance is thus due to two contributions: a high-efficiency small area and the other part of the cantilever where small strains take place (or even no strain occurs). The first image of figure 3 shows strain along the arms direction. Maximum (tensile) strain is near the joints, where it attains to a value of 0.27%, while it is negligible at edges of the microstructure. Second and third image of figure 3 show strains along the other two direction: they are compressive in both the cases. The transverse strain (x direction) is negligible but not the vertical strain. As the functional LSMO layer is epitaxially locked to the STO supporting layer, we considered at this stage the LSMO layer as indistinguishable from the STO layer and its mechanical parameters (Young modulus, Poisson ratio) equal to those set for STO. Within this approximation, the strain distribution calculated in figure 3 is considered to be that occurring on the LSMO layer. The observed anisotropy is of particular interest and will be deeply investigated on diverse oxide materials where strain anisotropy can affect magnetic properties. We note that our approach to "strain tuning" is complementary to that reported in references [4] and [5] where biaxial strain is operated through a ferro-piezoelectric substrate.
IV. CONCLUSION
In conclusion, we presented a technique for the fabrication of MEMS entirely made with crystalline transition metal oxides.
A mobile crystalline oxide structure, where strain is produced by bending and epitaxial lock, has been presented. We modeled the strain distribution on a prototype MEMS device and showed strain anisotropy. Smart strain devices exploiting the strain anisotropy of crystalline cantilevers and the tunable properties of transition metal oxides are currently under investigation. 
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